We demonstrate multiple-channel wavelength conversions of second harmonic and sum frequency generations in a silicon carbide photonic crystal cavity. The cavity is designed to have multiple modes including a nanocavity mode and Fabry-Pérot modes. Multiple-channel wavelength conversions in the nanocavity and Fabry-Pérot modes are shown experimentally. Furthermore, we investigate the polarization characteristics of wavelength-converted light. The experimental results of the polarization are in good agreement with calculation.
Introduction
Photonic crystal (PC) nanocavities are well known for their ability to strongly confine light within cavities of a few cubic wavelengths [1, 2] . Such strong confinement of light is very effective for the enhancement of nonlinear optical phenomena [3] such as two-photon absorption [4] , up-down wavelength conversion [5] , Raman scattering [6] , and the Kerr effect [7] . In particular, semiconductor-based PC nanocavities have been studied intensively because such materials can exhibit intrinsic nonlinear coefficients and are used in other optoelectronic components [8] . Wavelength conversions, such as second harmonic generation (SHG) and sum frequency generation (SFG), in PC nanocavities have been demonstrated experimentally using semiconductors made of gallium phosphide (GaP) [9, 10] , gallium arsenide (GaAs) [11] , and silicon carbide (SiC) [12] . Such approaches to wavelength conversion have focused mainly on the use of a single nanocavity mode, which results in a high Q factor and small modal volume. Although wavelength conversion in the PC cavity using two resonant modes has been demonstrated recently [10] , multiple-channel wavelength conversions-which are important for compact all-optical signal processing, wavelength multiplexing, regeneration [13, 14] , and other techniques-have not been demonstrated clearly yet.
Thus, in this paper, we experimentally demonstrate the multiple-channel wavelength conversions of SHG and SFGs in a PC cavity by exploiting the nonlinear optical behavior and large electronic band gap of the hexagonal polytype (6H) of silicon carbide (SiC) and multiple resonant modes formed in a heterostructured PC cavity [15] . The hexagonal SiC has secondorder nonlinear optical coefficients [16] comparable to those of other nonlinear semiconductors [17] , and is an attractive material for realizing nonlinear photonic devices without optical absorption [18] . The heterostructured PC cavity has several resonant modes, including the nanocavity mode and Fabry-Pérot (FP) modes, with considerable mode overlaps and high Q factors that enable multiple-channel wavelength conversions. Furthermore, we experimentally investigated the polarization characteristics of the SFG light for identification of the contributing modes and compared these with the calculated results.
Design of a SiC cavity for multiple-channel wavelength conversions
To obtain multiple resonances in a SiC PC nanocavity, we used a heterostructured cavity [16] consisting of waveguides with three different lattice constants (a 1 < a 2 < a 3 ) as shown in Fig.  1(a) . The band diagram along the waveguide direction (x) is shown schematically in Fig. 1(b) , wherein two kinds of resonant modes are formed: a nanocavity (NC) mode caused by the mode gap at a frequency below the band edge of the PC 1 waveguide (lowest line) and FP modes [15] due to the long (PC 1 + PC 2 + PC 3 + PC 2 + PC 1 ) waveguide at frequencies above the band edge of PC 1 (upper lines). The FP modes are generated by reflection at both ends of the long waveguide due to the photonic bandgap effect [15, 19] . It is worth noting that many FP resonant modes can be controlled by adjusting the length of the PC 1 waveguide and satisfying the FP condition [19] . To quantitatively investigate the multiple resonant modes of the cavity, we calculated the resonant spectrum of a SiC-based nanocavity. These geometric parameters are set equal to those of the fabricated sample. The lattice constants in the x direction are a 1 = 534 nm, a 2 = 537 nm, and a 3 = 550 nm, while the lattice constant in the y direction equals 3 a 1 for all regions. The radii of each air hole and the thickness of the SiC slab are 0.26a 1 and 0.6a 1 , respectively. The respective lengths of each PC waveguide are 2a 3 , 2a 2 , and 27a 1 ; the refractive index of the SiC is set to 2.5 at the telecommunication range. The resonant spectrum of the nanocavity is calculated using a 3D finite-difference time-domain (FDTD) method. As seen in Fig. 1(c) , there are four peaks: λ 0 = 1563 nm, λ 1 = 1555 nm, λ 2 = 1551 nm, and λ 3 = 1547 nm. It can be seen from Fig. 1(d) , which demonstrates the electric field distribution of each mode, that λ 0 is a NC mode, while λ 1 , λ 2 , and λ 3 are FP modes. Other FP modes shorter than λ 3 exist in principle; however, only the NC mode and the three FP modes specified above are relevant to the following experiments. It is also worth noting that the radiation intensity of the NC mode is not necessarily larger than that of the FP modes, but only appears so because the spectrum of the radiated light is monitored from the center region (PC 3 ) of the cavity shown in Fig. 1 
Fabricated SiC PC cavity and fundamental characteristics
On the basis of the aforementioned design, we fabricated a SiC PC cavity with varied lattice constants (a 1 = 534 nm, a 2 = 537, nm, and a 3 = 550 nm) as seen in the scanning electron microscope image of Fig. 2(a) . The details of this fabrication process are provided in [20] . An input waveguide with a width of 1.125 3 × a 1 is placed parallel to the cavity at an interval of 4 rows. The optical setup for measuring the fundamental and wavelength-converted characteristics of the cavity is shown schematically in Fig. 2(b) . The wavelength-tunable (1510-1610 nm), continuous-wave (CW) laser is incident on the input waveguide and the light propagating along the waveguide is evanescently coupled to the cavity. The fundamental resonant spectrum of the cavity is obtained by changing the wavelength of the laser and measuring the intensity of the radiated light from the cavity. Wavelength-converted light is measured by a short-pass filter and a spectrometer with Si detectors. Additionally, a pinhole is used to isolate nanocavity radiation from light scattered from elsewhere on the device. As seen in the measured resonant spectrum of Fig. 2(c) , there are four distinct peaks corresponding to one NC mode (λ 0 = 1562.0 nm) and three FP modes (λ 1 = 1553.0 nm, λ 2 = 1549.4 nm, and λ 3 = 1547.3 nm). Although there are minor differences between the measured and calculated resonant wavelengths, the experimental results agree well with the values shown in Fig. 1(c) . From this spectrum, the quality factors of the individual modes (λ 0 , λ 1 , λ 2 , λ 3 ) are estimated to be 9 × 10 3 , 4.5 × 10 , respectively. The difference between the calculated and experimental Q factors may be due to additional optical loss resulting in defect states in the SiC wafer rather than due to the variation of the slab thickness and hole size [20] . 
Experiments and discussion on wavelength conversions
To investigate the SHG characteristics of the cavity, we observed SHG emission when the CW input laser was set to the fundamental wavelength of each resonant mode. Figure 3(a) shows the SHG spectra measured by the spectrometer with CW input set to λ 0 (NC mode). It is found that the peak wavelength corresponds to half of the input wavelength, λ 0 /2 = 781.0 nm. The detailed factors, such as input-power dependence, conversion efficiency, and radiation patterns of SHG in a PC cavity, are described in [12] . In addition, we observed SHG at input wavelengths of λ 1 , λ 2 , and λ 3 (FP modes). For example, the SHG light for λ 1 is generated in the cavity, as shown in Fig. 3(b) . The SHG wavelengths for all NC and FP modes are plotted as circles in Fig. 3(f) . This clearly demonstrates the multiple-wavelength conversions of SHG in the PC cavity that arise through excitation of multi-resonant modes. Next, we added an additional CW input laser source to simultaneously stimulate two distinct fundamental resonant modes. Additional wavelength conversions occur when two fundamental modes are excited simultaneously by two CW lasers. Figure 3(c) shows the spectrum of the wavelength-converted light radiated from the cavity with inputs of λ 0 and λ 1 . Here, we see three peaks in the spectrum of the cavity. The shortest and longest peak wavelengths coincide with the SHG wavelengths in Figs. 3(a) and 3(b), respectively; the middle peak corresponds to half the sum of the resonant wavelengths λ 0 and λ 1 , which implies SFG. As shown in Figs. 3(d) and 3(e), other SFG spectra are also measured by fixing the wavelength of one laser (λ 0 ), while changing the wavelengths (λ 2 and λ 3 ) of the second one. In principle, SFG between the FP modes (e.g. λ 1 and λ 2 ) are generated, but we cannot observe them experimentally. This is considered to be because the SFG light in FP-FP cases is spread along the length of the waveguide (compared to that in NC-FP cases), resulting in a reduced power collection by our measurement system. Figure 3 (f) demonstrates these multiplechannel SHG and SFGs in the photonic cavity. If a cavity were to be designed with an even greater number of modes, we expect that a dense multiple-channel nanophotonic device with various wavelength conversions would result. Wavelength of input light Furthermore, we investigated the polarization characteristics of the individual SFG light outputs. Here, the x direction, parallel to the cavity length ( Fig. 1(a) ), is defined as 0° (180°). When λ 0 and λ 1 are incident in the cavity, the measured SFG light for λ 0 + λ 1 is non-polarized, as shown in Fig. 4(a) . On the other hand, the SFG light for λ 0 + λ 2 and λ 0 + λ 3 is primarily polarized along the x direction, as shown in Figs. 4(b) and 4(c) , respectively. To analyze the experimental polarization characteristics of the SHG light, we calculated the electrical distributions of the SFG light and polarization properties of the radiated light from the cavity. Because SFG is produced by second nonlinear electric polarization, the SFG polarization of ( ) 
The electric fields of the cavity modes for ω 1 and ω 2 are calculated using a FDTD method as mentioned in Section 2. Then, the cavity is excited according to Eq. 
Conclusion
In summary, we demonstrated the multiple-channel wavelength conversions of SHG and SFG in a PC cavity. A cavity with multiple resonances of NC and FP modes was designed using a nonlinear SiC PC structure. The resonant NC and FP modes were identified experimentally by measurements using the fabricated SiC PC cavity. When the individual modes were excited by varying the wavelengths of input light, the multiple-channel wavelength conversions of SHG and SFG were demonstrated experimentally. Additionally, the polarization characteristics of the SFG light were investigated experimentally. The experimental results agreed well with calculation, indicating that these results may further stimulate the development of easily integrable light sources with short wavelengths as well as the conversion of photons for quantum information processing and communication.
